Background: The epidemiology of type 2 diabetes in Germany is of major societal interest, as is the question of the predictive value of genetic and acquired risk factors.
T ype 2 diabetes is a chronic, progressive disease characterized by insulin resistance and impaired insulin secretion. These malfunctions may be acquired or inherited. Type 2 diabetes is important because of its high prevalence and incidence, the individual disease burden of patients due to macro-and microvascular complications, and the costs it generates for the health system (1) .
Although type 2 diabetes has a significant genetic component, it is only recently that genome-wide association studies have been able to identify numerous risk gene variants. This review, based on a selective literature search, will present the epidemiology of type 2 diabetes in adults in Germany. It will also investigate the question of which genetic variants increase the risk of type 2 diabetes, and how important they are for predicting individual risk of diabetes at the present time.
Prevalence of known type 2 diabetes
The preferred epidemiological study type for estimating the prevalence of common chronic diseases such as type 2 diabetes is the national or regional population survey. Such surveys are usually restricted to selfreported data on diabetes, which have been shown to agree well with the actual occurrence (have a high specificity) (e1). Because of the large number of unknown cases of type 2 diabetes, the international standard for estimating overall prevalence is to carry out oral glucose tolerance tests (OGTT) in a population sample (e2).
Current estimates of the prevalence of known (physician-diagnosed) diabetes, based on such a population sample, were provided by the first wave of the nationwide German Health Interview and Examination Survey (DEGS1, Studie zur Gesundheit Erwachsener in Deutschland), carried out by the Robert Koch Institute (Table) (2) . Based on self-reports in physicianadministered interviews, 7.2% of adults aged 18-79 years, or 4.6 million adults, have known, i.e., medically diagnosed diabetes (men 7.0%, women 7.4%). The prevalence rises markedly and continuously from the age of 50 years onwards, reaching over 20% in the 70-to 79-year-old age group. Thus, the prevalence estimates mainly reflect type 2 diabetes, the predominant form of diabetes (95%) in people of more advanced age. In comparison to the last national health survey in Germany, in 1998, there has been a relative increase of 38% in the prevalence of known diabetes, from 5.2% to 7.2%. This can be partly explained by the changing age structure of the population. The prevalence of known diabetes has greatly increased especially in the 70-to 79-year-old age group and in those with obesity. More in-depth analyses of the DEGS1 data will show to what extent changes in the prevalence of diabetes over time may be explained by an increase in risk factors or by earlier diagnosis, and whether there are any differences in relation to educational and social status (3) .
Estimates of diabetes prevalence based on data from the AOK (a large statutory health insurance provider in Germany) and from primary medical practices are higher (9.8% and 11.1%, respectively) ( Table) (1, 4). As a general rule, one would expect diabetes to be more prevalent among actual primary care patients than in the general population. Diabetes is more prevalent among AOK insurants than among insurants of other statutory health insurance providers (e3).
The KORA study from Augsburg has provided the first population-based data on the incidence (new cases) of type 2 diabetes (5). During the 7-year followup observation period, 10.5% of probands (aged 55 to 74 years) developed type 2 diabetes, corresponding to an incidence (standardized to the German population) of 15.5/1000 person-years (men 20.2, women 11.3). This incidence rate is among the highest regional estimated incidences in Europe (range: 8 to 19/1000 person-years) (5). The prevalence of type 2 diabetes is also higher in Germany than the European average (Europe: 6%; Germany: 7.2%) (e4).
Regional differences
Recent results from the DIAB-CORE Consortium (DIAB-CORE-Verbund) of the German Competence Network Diabetes Mellitus (a meta-analysis of five population-related regional surveys together with the National Health Survey [Bundesgesundheitssurvey, BGS] have for the first time shown regional differences in age-adjusted prevalence of self-reported diabetes in Germany (northeast-south gradient) (Table) (6, 7) . Among 45-to 74-year-olds, 12% of the population in Halle (Saxony-Anhalt) are affected-twice the 5.8% recorded in the Augsburg region (Bavaria).
Numerous studies have found a social gradient for central risk factors for type 2 diabetes such as overweight, lack of exercise, and smoking (8) . Another notable finding is a correlation between diabetes prevalence and socioeconomic factors on a regional level, such as the unemployment rate and the financial situation of local government bodies. Using an Index of Multiple Deprivation, the DIAB-CORE Consortium confirmed that diabetes is more prevalent in economically weaker regions (Figure) (8) . Smaller-scale analyses (at the neighborhood level) have also shown that structural disadvantages in the local living environment have an effect on diabetes prevalence ( Figure) . For example, the prevalence of diabetes rises with the rate of unemployment (9, 10) . Hence, in addition to an individual's socioeconomic status, living in a disadvantaged region with high unemployment and poor infrastructure also appears to be associated with a higher risk of diabetes.
Many factors are possible candidates to explain regional differences in diabetes prevalence. Air-borne pollutants (e.g., from road traffic) are a newly identified risk factor for the development of insulin resistance and type 2 diabetes (11). Besides regional differences in air quality, other possible factors are noise pollution, lack of opportunity for leisure and sports activities, and differences in health care provision (8) . To these may be added differentially distributed individual risk factors such as smoking, alcohol consumption, and physical inactivity.
Overall, the available data on prevalence and incidence in Germany, on regional differences, and on the complex interactions of the risk factors mentioned above, are unsatisfactory. In addition, a number of potential confounding factors reduce the comparability of the study results. For example, AOK insurants are not representative of the general population in terms of their socioeconomic status (a diabetes risk factor) (e3). Likewise, a sample of patients being treated by general physicians does not represent the general population (4) .
If measures to promote early diagnosis of diabetes (screening) are introduced, or if the diagnostic criteria change (e.g., from glucose-based to HbA 1c -based diagnosis), this will have an immediate effect on estimates of the prevalence of diabetes. Moreover, how cases of diabetes are recorded is not the only significant factor in ensuring comparability of epidemiological data; since the risk of type 2 diabetes rises sharply from about 50 years of age, the choice of age groups also affects investigation findings.
Estimating the prevalence of undiagnosed diabetes
From 1999 to 2001 in the Augsburg region, the KORA S4 study used measurement of fasting glucose or 2-hour blood glucose (OGTT) levels in the 55-to 74-year-old age group to estimate a prevalence of undiagnosed diabetes of 8.2%-comparable in magnitude to the 8.7% prevalence of diagnosed diabetes (12) . In the recent KORA F4 study, in the 35-to 59-year-old age group the prevalence of undiagnosed diabetes was 2.0% and that of diagnosed diabetes 2.2% (13) .
According to initial estimates based on laboratory data (current threshold values for HbA 1c or fasting or non-fasting serum glucose levels) in DEGS1, 2.1% of adults (men 3.1%, women 1.1%) aged between 18 and 79 years have undiagnosed diabetes (2) . Oral glucose tolerance tests were not carried out in DEGS1, so the estimated prevalence of undiagnosed diabetes is actually an underestimate.
Complications of diabetes
According to a recent international meta-analysis, a 50-year-old diabetes patient has a life expectancy of 5.8 years less than a man of the same age without diabetes; for a 60-year-old diabetes patient, the reduction is by 4.5 years (e5). The corresponding estimates for a woman are 6.4 and 5.4 years, respectively.
In the Augsburg region, mortality among 13 400 participants aged 25 to 75 years was estimated in the MONICA/KORA survey (14) . The main focus of interest was the correlation between mortality and income. In the lowest income group, having diabetes reduced male life expectancy by an average of 8.0 years compared to not having diabetes. In all other income strata, a mean reduction of life expectancy of 4.9 years was shown for men with diabetes. Women with diabetes were found to have a life expectancy reduced by 5.8 years compared to women without diabetes, irrespective of income. According to this study, the combination of low income and diabetes seemed to be a particularly poor prognostic factor for men (14) . Lifestyle factors or differences in health care may be reasons for this especially large reduction in life expectancy.
The clinical importance of undiagnosed diabetes is reflected in a mortality that is as high as that for diagnosed diabetes. In the KORA study, even after adjustment for other risk factors, mortality in both the undiagnosed diabetes and the diagnosed diabetes groups was 2.4 times that among normoglycemic probands (15) .
The reduced life expectancy is largely due to cardiovascular events and cancer, both of which are more frequent among patients with type 2 diabetes. In the MONICA/KORA study, the risk of myocardial infarction was four times higher in men and six times higher in women (e6). Regarding cancer, type 2 diabetes has been shown to be associated with hepatocellular, pancreatic, gallbladder, colon, endometrial, and breast cancer (16, 17) . Patients with diabetes have a cancer risk that is increased by 20% (breast cancer) to 150% (hepatocellular cancer) compared to people without diabetes (18) .
Although serious events such as myocardial infarction, loss of vision, and amputation are still clearly more frequent among people with diabetes, the situation has improved in recent years. In addition to advances in diabetes treatment, the introduction of disease management programs (DMPs) has probably also contributed to this. Early study results indicate that DMP participants have a lower mortality than nonparticipants (19) . According to a recent study in BadenWürttemberg (2008), 58% of the risk of loss of vision in people with diabetes and 9% of the risk of loss of vision in the general population is attributable to diabetes (20) . The age-and sex-adjusted risk of loss of vision was 2.5-fold higher in persons with diabetes.
The incidence rate of loss of vision was 21/100 000 person-years in the diabetic population and 9/100 000 person-years in the non-diabetic population (20) . These incidences were significantly lower than in the region of former Württemberg-Hohenzollern (21) . Amputation rates have also declined since the 1990s, although the risk of undergoing above-ankle amputation was still nine-fold higher among men and six-fold higher among women with type 2 diabetes in 2005 (22) . Further investigation of the incidence rates of these complications of diabetes is therefore still required in order to evaluate the trend.
Genetic predisposition
In recent years, the prevalence of diabetes has been observed to be rising greatly all over the world, due to increasing life expectancies and to rising prevalences in different age groups (e7). At first sight, then, the question of whether genetic factors play a part seems unjustified, because prevalence is increasing too fast to be explained by genetic causes (e8). However, there are indications that genetic factors do have a relevant influence on diabetes risk. For one thing, twin and family studies show that type 2 diabetes has a strong inherited component (estimated at >50%) (e9). For another, recent studies (discussed below) suggest the existence of a genetic predisposition to develop diabetes in the presence of "diabetogenic" environmental factors such as high-calorie nutrition and lack of exercise.
High-risk gene variants
Since 2006, the number of gene variants known to be associated with type 2 diabetes has risen sharply thanks to technological innovations and international collaborations. The development of gene chips enabling identification of up to 5 million single-nucleotide polymorphisms (SNPs) in the genome has made it possible to carry out genome-wide association studies that can look for gene loci associated with diseases without requiring a hypothesis to work from (23) . In addition, it has become clear that the strength of associations between SNPs and complex diseases is usually low, so that only large international consortia can deliver statistically valid results (24, 25) .
At present, the number of known gene loci in which variants exist that influence type 2 diabetes is over 60 (26) (27) (28) (29) (30) . To this extent, the genetic background of type 2 diabetes is like that of cardiovascular disease or obesity (e10, e11): Many gene variants exist that contribute to disease risk. These risk-associated variants are very widely distributed. At some gene loci, the diabetesassociated variants are more common than the diabetesprotective variants. They also have in common that the their risk of diabetes could be more accurately predicted on the basis of risk scores.
Risk for type 2 diabetes: epigenetic causes or gene-environment interaction?
Why, despite so many studies, the major part of the genetic component of type 2 diabetes remains unexplained, remains an open question. However, to date, the only SNPs that have been investigated are those for which the rare variant occurs with a frequency of at least 1% to 5%. It has been speculated that prediction could be improved on the basis of other, rarer forms of genetic variation, which can be detected with new sequencing methods, and of duplications or insertions into the genome (e12). Early data indicate a role for gene-environment interactions, since small studies have observed a dependence of the metabolic effect of physical activity on certain gene variants (36, 37) .
It is also possible that epigenetic changes such as DNA methylation contribute to the unexplained heritable component (38) . Changes in methylation patterns and impairments of glucose metabolism have been shown in people who were exposed to malnutrition in utero during the Dutch Hunger Winter of 1944/45 (39, 40) . Future studies will show what other environmental factors affect on methylation patterns, and whether these epigenetic changes contribute to diabetes risk.
observed associations are very weak, since each individual risk gene variant increases the risk of diabetes by a factor of only 1.05 to 1.4 (26) .
So far, most diabetes risk-associated SNPs are located at or near genes coding for proteins described or posited to play a role in development of the pancreas, in β-cell function, or in insulin release. These findings indicate that the ability of β-cells to secrete insulin and to proliferate or regenerate is largely genetically determined, and that it is the genetic make-up of the β-cells that decides whether increased insulin requirements that are necessary under certain stress and environmental conditions can be compensated by increased insulin release (so that the person remains healthy) or not (and the person develops type 2 diabetes).
Diabetes risk genes as a predictor of diabetes?
Various studies have tested whether it can be possible to distinguish between persons with prevalent or incident type 2 diabetes and those without diabetes on the basic of data about gene variants. The usual procedure is the C-statistic (corresponds to the area under the receiver operating characteristic [ROC] curve). Combinations of SNPs alone lead to C-values <0.65, which is much closer to 0.5 (equivalent to tossing a coin) than to 1.0 (perfect prediction) (26, 31, 32) . Studies have also tested whether SNP data can improve prediction models based on age, sex, obesity, and clinical, metabolic, and lifestyle factors, and have achieved prediction models with C-values between 0.66 and 0.91 (31) .
Although a few studies have shown statistically significant improvements in the C-statistic, these gains in C-statistics were ≤0.03 (31, 32) . This small improvement in diabetes prediction accords with the estimate that the known >60 risk gene variants explain only about 10% to 15% of the heritable component of type 2 diabetes (that is, less than 10% of the overall individual risk of diabetes, which is also influenced by environmental and lifestyle factors) (30) . For this reason, determining gene variants in order to predict individual type 2 diabetes risk ("personalized medicine") is not worthwhile at present. The same holds for the use of genetic data to plan personalized treatment options.
Classical risk tests that do not use genetic data are suitable for identifying persons at high risk, but not for predicting individual risk expressed as a percentage over a particular period of time (33, 34) . Thus, prediction of type 2 diabetes is still in need of improvement-a challenge not least with regard to early diagnosis, and correspondingly earlier treatment, in order to prevent chronic late complications. More recent studies show in addition that people without medically diagnosed diabetes, but who have raised fasting glucose or impaired glucose tolerance values ("prediabetes"), suffer more from early forms of microand macrovascular disease (35) . This underlines the need for better prediction instruments. It is precisely people who both have identified risk genes and a diabetes-promoting lifestyle who are at high risk of developing diabetes early in life, and could benefit if
• Another 2% to 7% of the adult population is estimated to have diabetes without knowing it.
• Results from the DIAB-CORE Consortium (DIAB-CORE-Verbund) of the German Competence Network Diabetes Mellitus show considerable regional differences (northeast-south gradient) in age-adjusted prevalence of self-reported diabetes in Germany.
• At present more than 60 gene variants are known that are statistically significantly but relatively weakly associated with type 2 diabetes risk.
• So far, the major part of the genetic component of type
